The strong perpendicular magnetic anisotropy of L1 0 -ordered FePt has been the subject of extensive studies for a long time. However, it is not known which element, Fe or Pt, mainly contributes to the magnetic anisotropy energy (MAE). We have investigated the anisotropy of the orbital magnetic moments of Fe 3d and Pt 5d electrons in L1 0 -ordered FePt thin films by Fe and Pt L 2,3 -edge x-ray magnetic circular dichroism (XMCD) measurements for samples with various degrees of long-range chemical order S. Fe L 2,3 -edge XMCD showed that the orbital magnetic moment was larger when the magnetic field was applied perpendicular to the film than parallel to it, and that the anisotropy of the orbital magnetic moment increased with S. Pt L 2,3 -edge XMCD also showed that the orbital magnetic moment was smaller when the magnetic field was applied perpendicular to the film than parallel to it, opposite to the Fe L 2,3 -edge XMCD results although the anisotropy of the orbital magnetic moment increases with S like the Fe edge. These results are qualitatively consistent with the first-principles calculation by Solovyev et al. [Phys. Rev. B 52, 13419 (1995).], which also predicts the dominant contributions of Pt 5d to the magnetic anisotropy energy rather than Fe 3d due to the strong spin-orbit coupling and the small spin splitting of the Pt 5d bands in L1 0 -ordered FePt.
the magnetic field was applied perpendicular to the film than parallel to it, opposite to the Fe In recent years, the amount of data we deal with has been increasing and the information technology has to adapt to the era of big data. To this end, the enhancement of the recording density in magnetic recording media has been highly desired. In the magnetic recording media like hard disk drives, larger data capacity can be achieved by using materials with perpendicular magnetization and by decreasing the bit size, but it also leads to the reduction of thermal stability. To maintain the thermal stability, it is important to employ magnetic materials with larger magnetic anisotropy energy (MAE). L1 0 -ordered FePt is one of such materials that have the largest MAE with the perpendicular easy magnetization axis, and is a candidate to achieve higher density of magnetic recording media. The microscopic origin of the strong perpendicular magnetic anisotropy of L1 0 -ordered FePt, however, has not been fully understood yet despite its importance and extensive studies.
In order to reveal the origin of the MAE of L1 0 -ordered FePt, magnetism at the Fe sites and the Pt sites need to be studied by an element specific technique. Especially, the orbital magnetic moments of Fe and Pt have to be investigated separately since it has been well known that the orbital magnetic moment plays an important role in magnetic anisotropy 1, 2 . X-ray magnetic circular dichroism (XMCD) at the L 2,3 edges is an ideal tool to investigate the magnetic properties of d electrons in transition-metal alloys in an element specific way. In the present study, we have studied the spin (m spin ) and orbital magnetic moments (m orb ) of Fe 3d and Pt 5d electrons and their anisotropy using and the annealing temperature (T A ) ranged from room temperature to 600 • C. Table I summarizes the relationship between sample-preparation conditions, the degree of long-range chemical order S estimated using x-ray diffraction 3 , and the MAE. Both S and MAE increase with T S and T A , consistent with the previous study 3 . The MAE of the sample with S = 0 shows a small negative value, which is due to errors in the estimation of the MAE from the M-H curve ( Fig. S.1 ).
Fe L-edge XMCD measurements were performed at the undulator beamline BL-16A1 of Photon Factory, High Energy Accelerator Research Organization (KEK-PF), and the Pt L-edge XMCD measurements at the undulator beamline BL39XU of SPring-8. All the measurements were performed at room temperature. The magnitude of the magnetic field was 5 T at BL-16A1 and 7 T at BL39XU. The magnetic field was applied parallel or anti-parallel to incident x rays. In order to measure the in-plane magnetic moments, the incident angle θ of x rays measured from the sample surface (as shown in 0.5, 0.7) for out-of-plane and in-plane magnetic fields. Since the Pt L 2 and L 3 edges are separated by a large energy of ∼1.8 keV, the spectra have to be measured and normalized separately, as shown in separate panels (a) and (b) in Fig. 3 . Here, the ratio of the edge jump heights at the L 3 and L 2 edges have been normalized to 2.22 to 1 (Refs. 8 and 9). As shown in Figs. 3(c) and 3(d) , the anisotropy of the XMCD intensity increases not only at the L 3 edge but also at the L 2 edge with S, in contrast to Fe L 2,3 -edge XMCD, where only the anisotropy of L 3 -edge XMCD increases [see Fig. 1(c) ]. The spin and orbital magnetic moments of Pt estimated using the XMCD sum rules are plotted in Fig.   4 as functions of S. The intensities of the XAS spectra, which appears in the XMCD sum rules 5, 6 , have been estimated by the similar method as Refs. 8-10. First, the XAS spectra of a gold foil has been subtracted from the raw XAS spectra of FePt so that the background above the main absorption peak vanishes. Then, assuming that the intensity of the subtracted spectra I diff is proportional to the difference of the hole numbers of Pt (n T and, therefore, that the weak anisotropy of the spin magnetic moment of that sample would not be intrinsic. For this reason, the anisotropy of the orbital magnetic moment is slightly underestimated.
Here we shall discuss the relationship between the MAE and the observed anisotropy of the orbital magnetic moment. Van der Laan has shown by treating the spin-orbit coupling as a perturbation that the MAE (∆E) are given by the following equations 1 .
where ξ is the spin-orbit coupling constant, L is the orbital magnetic moment, T is the magnetic dipole term, and ∆ ex is the exchange energy. The first term in Eq. (1) derived from Fe L 2,3 -edge XMCD using the sum rules 5, 6 . The anisotropy of m eff spin for the S = 0.7 sample is due to insufficient magnetic field of µ 0 H = 5 T to saturate the in-plane magnetization. Likewise, the anisotropy of m orb for the same sample is overestimated to a similar extent. orbital magnetic moments on the S, that is, the observation that m eff spin decreases (increases) and ∆m orb increases (decreases) for Fe (Pt) sites, respectively, as functions of S, is similar to the one deduced from the coherent-potential-approximation calculations by Staunron et al. 13 and Kota et al. 14 .
In summary, we have performed XMCD studies of L1 0 -ordered FePt thin films with various S in order to reveal the relationship between the anisotropy of the orbital magnetic moments of Fe and Pt and the magnetic anisotropy. Fe L 2,3 -edge XMCD studies have shown the existence of large anisotropy of the orbital magnetic moment, that is, the orbital magnetic moment is larger for magnetic fields perpendicular to the plane, which is enhanced with increasing S. Pt L 2,3 -edge XMCD studies show that the anisotropy of the orbital magnetic moment is opposite to that of Fe, that is, the orbital magnetic moment is larger for magnetic fields parallel to the plane than perpendicular to it. This result is qualitatively consistent with the anisotropy of the calculated orbital magnetic moment from first principles by Solovyev et al. 11 , which calculation indicates the significant contribution of Pt and negligible (or even opposite) contribution of Fe to the MAE of the entire FePt film. This is attributed to the strong spin-orbit coupling and small spin splitting of the Pt 5d bands in L1 0 -ordered FePt. The present result demonstrates that theoretical treatment including spin-flip processes is necessary when designing magnetic materials with large MAE utilizing heavy elements.
SUPPLEMENTARY MATERIAL
See supplementary materials for the magnetization curves of each sample.
